ABSTRACT There is a need to quantify the environmental impact of powering macro base transmitter station sites with diesel generators. The energy consumption of diesel generators to power base stations for telecommunication networks is a contributor to global greenhouse gas (GHG) emissions. This paper presents a model for calculating emission generation. The model was used to study the environmental impact of macro radio base stations powered by diesel generators using the Hybrid Optimization Model for Electric Renewables (HOMER) -optimization and simulation software tool. The environmental impact of powering base stations with diesel generators was assessed by quantifying the emissions generated in terms of pollution and the impact in terms of environmental cost ($200t/yr). From the results of emissions generated from diesel generators and presented in this study [105.96 tonnes of carbon dioxide (CO 2 ), 0.26 tonnes of carbon monoxide (CO), 0.03 tonnes of unburned hydrocarbons (UHC), 0.02 tonnes of particulate matter (PM), 0.21 tonnes of sulfur dioxide (SO 2 ), and 2.33 tonnes of nitrogen oxides (NO X )], the use of diesel generators to power GSM base station sites is concluded to have significant environmental impact.
Introduction
Currently, the industrial sector continues to increase GHG emissions through the use of fossil fuels in heavy-duty electricity generators. This practice is especially evident since the year 2001, with the arrival of the global system of mobile telecommunication (GSM) in Nigeria. Due to the large patronage from millions of subscribers and potential users, GSM operators persist in extending their network coverage across the country. Today, there are about 20 different GSM companies operating within Nigeria. On the University of Nigeria Nsukka Campus alone, about 7 base stations belonging to 3 different telecommunications companies are present, while more are being proposed. Incidentally, these base station sites are continually powered by diesel engine generators round the clock. In Nigeria, at the time of this investigation, diesel generators are commonly used to power these sites. This is mainly due to limited avai-lability of the national electricity grid, and therefore the task of providing uninterrupted power to satisfy minimum quality of service (QoS) requirements is difficult. Presently, all the base station sites on campus are deployed with diesel generators as their primary source of electrical power. These generators are powered by fossil fuels (diesel) which contributes to the emission of atmospheric pollutants such as CO 2 , CO, PM, SO 2 , and NO X , which are proven harmful to bio-organisms.
Power generation at GSM base stations in Nigeria is considered as an emerging source of GHG emissions and metropolitan atmospheric pollution [Adeofun et al., 2009] . Electricity production is often a source of CO 2 emissions, such as when fossil fuel is combusted in power plants. In view of this, the energy production for base station sites is the main polluting factor from the telecommunications industry. The ability to use mobile phones at any time means that the network must be powered at all times. However, the environmental impact of any constant human activity in nature should be closely scrutinized [Ani, 2012] . Accumulations of GHGs within living areas could have chronic toxic effects, especially at concentrations above permissible limits. The health safety standard for emission of CO into the environment over a period of 8 hours is 9 ppm and 35 ppm over 1 hour, and that of NO X in the environment over a year period is 0.005 ppm, while that of SO 2 in the environment within 24 hours is only 0.14 ppm and 0.003 ppm in one year. [USEPA AIRS database, 2008; Air Quality Technical Report, 2008; Federal Ministry of Environment, 1991] .
In Nigeria, the location in which GSM sites are built remains largely unregulated in practice. Clearly a governing entity is in order to enforce the existing regulations regarding the location of these sites. Most of these base stations are in close proximity with human living quarters and even clustered on school grounds. The environmental impact of these sites is not considered, in terms of pollution from the diesel generators used to power these stations. Consequently, GHG emissions steadily increase, as well as the generation of various other environmental pollutants. Given the rise and rapid growth of these sites, quantification of the environmental impact of powering GSM base station sites with diesel generators is necessary.
The purpose of this study is to assess the environmental impact of powering base stations with diesel generators and to examine the effect of the operational hours of diesel generators on the emission of pollutants.
Energy consumption at a macro base transceiver station site
A base transceiver station (BTS) is a tower or mast mounted with telecommunications equipment (e.g. antenna, radio receiver and transmitters) that enables the transmission of mobile signals (voice and data). At the bottom of each tower, there is a shelter with additional transmission equipment, air conditioning, battery racks and -for those that are off-grid or with unreliable electricity supply -in a separate room, the diesel generator [Ani, 2013] . The energy consumption of the various components at a typical BTS site has been categorized by [Pierre, 2006; Roy, 2008; Willson, 2009; GSMA, 2009; Ani and Nzeako, 2012] as follows:
1. Radio equipment: 
Environmental impact
The environmental impact of diesel fuel combustion is quite serious, and it is local and global. According to the California Air Resources Board, "Diesel engines release a host of harmful substances, including directly emitted organic and elemental carbon (soot), toxic metals, nitrogen oxides that form ozone and nitrate particulate matter, volatile organic compounds, carbon monoxide, carbon dioxide, and a variety of toxic metals and gases such as formaldehyde, acrolein, and polycyclic aromatic hydrocarbons" [California Air Resources Board, 2000] . This means serious impacts for the environment beyond direct health concerns for humans, but also for the air, water and soil. Black carbon particles, sulfur oxides and heavy metals in diesel exhaust also present numerous issues of soil contamination. Black carbon arrives to the topsoil through precipitation and affects the ability of plants to extract nutrients from the soil, as well as affecting the soil's ability to absorb and hold water [Ghosh, 2007] . This can have an impact on the ability to cultivate staple crops used as a food-source and for the production of alternative fuels. In addition, the other toxins found in diesel exhaust will be deposited in the soil through precipitation. These toxins will be subsequently be absorbed by plants, and possibly ingested by animals destined for the slaughterhouse. Some of these toxins such as the heavy metals do not biodegrade and are not eliminated, and will be concentrated as they travel up the food chain. The implications on the food supply is cause of major concern.
Figure 1 Power consumption of radio base station [Pierre, 2006] .
Figure 2
The standard diesel power generating system for a base station site [Hjorth et al. 2008 ].
The harmful effects on the water supply are similar, and of equal concern [Schneider, 2000] .
Cost of emissions
World government (Canadian) is working rapidly to place a mandatory price on the emissions of greenhouse gases, including carbon dioxide (CO 2 ), which is produced by the combustion of diesel fuel. In the future, businesses will be required to reduce emissions or buy offset credits to offset CO 2 emissions. There is currently a market for voluntary offsetting, with the price of emissions in the range of $ 
Model for calculating emission generation
Many studies on the environmental impact of systems now use the National Renewable Energy Laboratory (NREL)'s, Hybrid Optimization Model for Electric Renewable (HOMER). It contains a number of energy component models and evaluates suitable technology options based on emissions. The HOMER software was used by [Kamel and Dahl, 2005; Khan and Iqbal, 2005; Lambert et al., 2006 ] to find optimum sizing and minimizing cost and emissions for power systems with specific load demands in standalone applications. A simulation work on contaminating emissions (CO 2 , NO X and particles) of a diesel generator was presented by [Wies et al., 2005] using Simulink and comparing the results with those obtained by means of HOMER [HOMER, 2012] software.
The equation for the calculation of generated emissions stated by [Lambert, 2009; Ani, 2012] In this paper, the parameters useful for calculating emission generation are grouped into the following:
• Calculate the pollutant emission and;
• Calculate the cost of emission ($ t -1
).
These two parameters summarize the factors proposed for evaluating the environmental impact of power generation for this study. The model is shown in Fig. 3 .
This model was used to study the environmental impact of fossil fuel utilization for macro radio-type mobile phone base stations. 
Materials and methods
To assess the environmental impact of powering base stations with diesel generators, the emissions generated were quantified in terms of pollution and the impact in terms of environmental cost. System sizing [Elhadidy and Shaahid, 2004; Nema et al. 2007 Nema et al. (a), 2007 ] was carried out using the HOMER-optimization and simulation software tool. For this study the power requirements for the macro radio GSM base station site are 10.7 kW continuous. The load demand is approximately 254 kWh d -1 and 10.7 kW peak. The system architecture has the following: 20 kW diesel generator, 24 Surrette 6CS25P battery cycle charging and 15 kW converter. The schematic diagram of the diesel generating system is shown in Fig. 4 .
The overall optimization result output of HOMER solutions for the diesel/battery and diesel-only systems is shown in Fig. 5 . 
Results and discussion
Simulations carried out by HOMER provided information concerning the environmental characteristics of the power system, such as CO 2 emissions, and fuel consumption. The results obtained are presented in Tables 1 and 2 . The detailed analysis obtained at the end of the simulation are described below as:
Electricity production
The diesel generator at this base station generates 115,327 kWh of electricity per year which effectively powers the load demand of 92,711 kWh per year with excess electricity of 22,616 kW per year; while in the diesel/battery system, it supplies 104,889 kWh yr -1 to the same load with little excess electricity of 12.178 kW per year.
In the diesel-only system, between 7:00 h -17:00 h (7.00 am -5.00 pm) the load is less (10.45 kW) and the output of the diesel generator is between 11.850 -11.871 kW (black colour legend), while from 17:00 h -7:00 h (5.00 pm -7.00 am), the load increased (10.65 kW) and the output of the diesel generator is between 12.039 -12.060 kW (red colour legend), as shown in Fig. 6 .
The operation strategy of the diesel generator in a diesel/battery system works at nominal power, providing that the state of charge (SOC) of the batteries is within determined limits [Starting threshold (SDM) and Stopping threshold (SAR), in % of the battery capacity]. When the output of the diesel generator is between 14 -20 kW (yellow, orange and red colour legend), the diesel supplies to the load and at the same time charges the battery, while between 0 -2 (black colour legend), the battery supplies to the load as shown in Fig. 7 .
Environmental pollution
The diesel-only system operates for 8,760 h annum -1 has a fuel consumption of 40,239 L annum -1 and has its number of starts of once yr -1 . It generates annually 105.962 tonnes of CO 2 , 0.262 tonnes of CO, 0.029 tonnes of UHC, 0.0197 tonnes of PM, 0.213 tonnes of SO 2 , and 2.334 tonnes of NO X which are released into the atmosphere at the location under consideration as shown in Table 1 and 2. On the other hand, the diesel/battery system operates for 6,149 h annum . This system generates 101.835 tonnes of CO 2 , 0.251 tonnes of CO, Figure 6 Output of diesel generator in diesel only system.
Figure7
Output of diesel generator in diesel/battery system. 0.0278 tonnes of UHC, 0.0189 tonnes of PM, 0.205 tonnes of SO 2 , and 2.243 tonnes of NO X as shown also in Table 1 and 2.
Environmental cost
The $200 t -1 price of emission given by Canadian government was used in this study to value the emissions. All costs have been converted from USD ($) into Naira (N) as shown in Table 3 using the equivalent as 1 US Dollar ($) equal to N162 of Nigerian currency [Exchange rate, accessed on 07/17/2012].
Using Eq. (2), the cost of emissions was calculated and tabulated. From Table 3 , diesel/battery has total cost of emissions of $20,916.14 (N 3,388,414.68) while the diesel only has a total cost of emissions of $21,763.94 (N 3,525,758.28) . Diesel/battery cost of emissions when compared with diesel only cost of emissions has a difference of $847.8 (N 137,343.6) meaning that addition of a battery reduces the operational hour of the diesel generator, thereby reducing emissions and cost.
Conclusion
This study concludes that there is a strong case to quantify the environmental impact of using diesel in powering GSM base stations. Global greenhouse gasses (GHG) pollute the environment (air, water and soil) which will ultimately adversely affect the life of human beings. An indirect impact is the health and quality of life concerns that these GHGs generate.
From the simulation results, when the diesel operational hours are higher, (8, 760) , the emissions generated are also higher compared to when the generator operates with battery for 6,149 h. Thus, it can be concluded that the operational hours of diesel generators effect emissions generation. If the use of diesel-only generators persists by network operators in Nigeria, the pollutant emissions generated at each base station location could cause a health epidemic in the near future. Table 3 Comparison of cost of emissions from diesel/battery and diesel only.
Recommendation
Although the essence of sitting base stations in a community is to give network coverage to the people, they should at the same time avoid polluting the environment and the habitat, by following the stipulated regulations for installing base stations. We therefore recommend that those in a position of authority take keen interest in enforcing the law that is guiding the location of these stations or mandate operators to use renewable energy technologies such as hybrid systems for powering the base stations, especially those that are close to schools and homes. Another crucial step is the development of an optimized energy atlas for appropriate locations of GSM base station sites in the country, both as a design guide for network operators and for the formulation of energy use policies by the national telecommunications regulatory authority (the NCC). One of these such policies could be the requirement that any network operator intending to site a base station in any location should first produce an optimized energy feasibility study of the location before an approval would be granted.
It is suggested that attention should be given to auditing of power generation at GSM base station sites to ensure compliance with emission levels.
In summary, we recommend the use of hybrid diesel power generation system to minimize GHG emissions in the telecommunications industry.
